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Abstract
This case study deals with the assessment of different metallization layouts on the reliability of encapsulated solar 
cells. Six different metallization layouts were modelled by means of finite- element- modelling. In a first step cooling 
after soldering was simulated and the mechanical stress field in the silicon determined. In a second step mechanical
bending of a module laminate consisting of one string was simulated. Prior to bending stresses from soldering were
imported into the model. Two different load setups were realized applying the bending perpendicular or parallel to
the busbars. The probability of failure was calculated by means of a probabilistic approach for brittle materials.
Results show that the load direction strongly influences the probability of failure, which is in good agreement with 
literature. Different metallization layouts have a large effect on the reliability of solar cell in particular with an 
orientation of the busbars parallel to the main load direction. Although the stresses from soldering may be 
comparably small to the stress from bending but they guide the fracture characteristic of a cell. The results show that 
an understanding of the intrinsic stresses in the silicon after processing is important for interpretations on module
level.
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the scientific committee of the SiliconPV 2013
conference
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1. Introduction
During the last years several changes of metallization layouts have been introduced or proposed for 
new cell designs. For standard front/back busbar concepts the busbar dimensions were reduced in order to
increase the active surface as well as reducing the amount of silver paste. Furthermore pads instead of 
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continuous busbars were introduced in particular on the back side of the cell. Regarding back contact cells 
such as MWT or IBC, those concepts require a complete change of the cell metallization layout in order to 
utilize the technological advantages of those cell concepts. I.e. back contact points as proposed by ECN in 
combination with copper plated back foil. Nevertheless there is a transition process were traditional 
busbar concepts are adapted for back contact cells. As a consequence of those design changes as well as 
other alterations (cell thickness, thickness of encapsulant) it is crucial that cell designers as well module 
designers collaborate in order to maintain a high reliability. 
In recent publications it was mentioned that fracture of encapsulated solar cells can cause subsequent 
failures such as hot spots, arcing or power loss ([1], [2]) as well as optical blemishes, e.g. snail trails. 
Investigations have been carried out in order to describe mechanisms of crack occurrence and crack 
propagation on solar modules respectively module laminates [3]. Furthermore finite element modelling of 
PV modules was introduced in order to visualize the stress distribution in solar cells as wells as improve 
the understanding of mechanical relationships between fracture and module design [4]. In summary, the 
results show that cracks are an important factor in terms of integrity of the module as well as maintaining 
the electrical performance of the anticipated lifetime.  
In [5] the effect of soldering to cell breakage in laminates was investigated. Therein it was shown that 
the soldering equipment as well as process parameters can have a large influence on the measured strength 
on the module laminate.  
In [6] it was shown that any temperature change on a module laminate induces stresses into each 
material layer and in particular into the silicon of a solar cell. This is due to the fact that different 
assembly. Expansion or contraction is constraint in this assembly hence stresses are induced. 
The following contribution will serve as a case study in order to characterize the influence of several 
metallization layouts on the reliability of encapsulated solar cells. State of the art techniques will be 
utilized such as finite element analysis continuum mechanics and probabilistic principal stress evaluation 
by means of the Weibull distribution function. 
1.1. Approach  
In a first step cooling after soldering is simulated by means of a thermo-mechanical finite- element 
simulation. Within this process mechanical stresses are induced into the silicon. These stresses are 
extracted and used within a second model. The second model simulates mechanical bending of a module 
laminate with a 4-point-bending setup. From both results stresses are evaluated by means of a 
probabilistic approach utilizing the Weibull distribution function (eq. 1) considering the size effect for 
brittle material strength. From this evaluation the probability of failure for the silicon is calculated.  
 
 (1) 
 
The scale parameter 0 and the shape parameter (Weibull modulus) m are material parameters 
representing respectively the strength and the scattering of the strength. Within this study a scale 
parameter of 1236 MPa*mm2/m and a shape parameter of 7 was used. Those parameters were determined 
by means of fracture tests with 4-point-bending for textured mono-crystalline Si-wafers. The effective 
area Ae is a weighted representation of the area of the silicon which is under tensile stress. This value 
depends on the qualitative stress distribution. Therefore different stress distributions lead to a different Ae 
and a different probability of failure in eq. 1. Further explanations can be found in [4]. 
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1.2. Metallization layouts
The hypotheses in this case study is that different metallization layouts (ML) on a solar cell will have
an effect on its reliability in the module by some extend. Two different cell concepts were used, a
standard concept with three busbars (ML 1-6) and a back contact concept (ML 6). For the back contact
concept interconnecting with ribbons is assumed. Overall 6 layouts were investigated (see Fig 1) within 
this case study. A cell size of 156 x 156 mm² full square is used. The maximum length of the busbar 
region is 153 mm. The width of the front busbar is 1.3 mm and 3 mm for the busbar on the back side. The
dimensions of layers through the cross section of the soldered cell are shown in Fig 1 (right picture). In 
this study the thickness of the solder is larger than the usual thickness of (15-30 μm). However larger 
thickness would be recommended in order to reduce stresses in the silicon and increase the reliability of a
solder joint. The width of the top busbar is 1.3 mm and the width of the bottom busbar is chosen with
3.0 mm. The copper ribbon has a width of 1.3 mm.
1.3. Mechanical bending
In [7] cracks were categorized into cracks perpendicular and parallel to the busbars amongst others. It 
was found in [7], [8] and [3] that regions with a perpendicular load case will lead to cracks mainly
orientated parallel to the busbars and vice versa. From [3] four main load cases in a standard 60-cell
module can be defined, perpendicular and parallel to the busbars, a biaxial load case and a diagonal load 
case (Fig 9). These main load cases can guide the propagation of the cracks in the cells as found in [8].
For the following study two load cases will be systematically investigated (parallel and perpendicular).
The following terminology will be used. If the main load direction is perpendicular to the busbars it will
this a defined bending is applied on a single module laminate
(900 x 210 mm²), consisting of one string with 5 cells. A representation of a 4-point-bending setup is 
ML 1 ML 2 ML 3
ML 4 ML 5 ML 6 (back contact)
Fig 1. Metallization layouts (ML) and layer dimensions through cross section (right)
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created as a finite- element- model. This type of setup is well-defined and often utilized, e.g. for strength
tests or to retrieve stiffness values for constructions. Importantly it has to be considered that a module
usually is exposed to a distributed surface load, which is, from a mechanical point of view, a qualitative
different load case. However, preliminary studies during the development of this model show that due to 
the encapsulation of the cell the transferred strain from the glass through the encapsulant onto the cell
equalized the load characteristic on the cell. Thus a distributed load case on a laminate and a four point 
bending test are qualitatively similar regarding the load on a cell. Only the magnitude of the load must be
changed in order to get the same quantitative result. With this investigation a displacement of 31 mm was
applied to the load rollers. This value was gained from an experiment, which was setup to a maximum 
displacement of 40 mm in the middle of the laminate. During this experiment there were no cell cracks
detected since broken cells will change the stiffness of the laminate as shown in [3], which was not 
anticipated for this verifications test.
1.4. Finite element modelling
For simulating the cooling process during soldering a finite- element- model consisting of the 
important components of the metallization, the copper and solder. The finger structure has been neglected
since they show only minor influence on the stress field in the silicon. A cooling ramp of ~2.7 K/s was 
defined starting from 183 °C to 20 °C, which is the eutectic temperature of the used solder alloy 
(Sn63Pb37). Assuming a homogeneously distributed infrared soldering process the temperature was
decreased homogeneously and equally in each material layer. The stress state in the silicon at RT was
stored in an external file in order to superpose it with stress from bending.
For simulating mechanical bending a representation of a 4-point-bending setup was modelled. This
model only serves as a coarse representation since an appropriate level of detail of the finite- element-
mesh would exceed conventional server structure. Instead a sub-modelling technique was used. Therein, a 
first step with the coarse representation calculates the displacement solution of the laminate. In a second 
step a portion of only one cell was cropped from this model and remodelled with higher density of the
finite- element- mesh. Along the cutting edges of this model the displacement solution of the coarse
model was applied by means of interpolation. Within this model the stress state from the soldering
Fig 2. 4-point-bending test setup with busbar orientation perpendicular 
respectively parallel to the main load direction (left) and crack propagation in
encapsulated solar cell during bending (right, [3])
Fig 3. Verification of the load deflection 
behaviour between experiment and simulation
(displacement of load rollers 31 mm)
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Table 1. Materials and material model for finite- element- modelling 
Material Material model 
mono-Si 100 -orientation orthotropic linear elastic 
metallization pastes temperature dependent, bilinear kinematic hardening 
solder  Sn63Pb37 temperature dependent, bilinear kinematic hardening, creep 
copper temperature dependent, bilinear kinematic hardening 
encapsulant (EVA) temperature dependent, strain rate dependent 
back sheet temperature dependent, strain rate dependent 
glass isotropic linear elastic 
 
 
process was applied to the elements of the silicon leading to a superposition of temperature caused 
stresses and bending stresses. 
 The orientation of the solar cell according to the main bending direction can be either perpendicular or 
parallel with respect to their busbars. In order to include this aspect into this investigation two bending 
models have been created applying bending parallel or perpendicular to the busbars. 
In Table 1 a list of materials and the used material model is been given. 
2. Results 
2.1. Stress results 
In Fig 4 results of the stress distribution for ML 2 are shown after soldering as well as superposition of 
soldering and mechanical bending. After soldering the maximum principal stresses are around zero for the 
largest portion of the surface. Only minor stresses are created due to soldering. Around the busbars high 
stresses are induced into the silicon due to the mismatch of the CTE of the different materials. During 
bending the stress distribution is influenced by the busbars and the intrinsic stresses from processing. 
Additionally there is a significant difference of the stress state between the parallel and perpendicular load 
case. In Fig 5 the maximum principal stresses are summarized for the bottom and the top surface of the 
silicon. After soldering, the maximum principal stress on the top side is ~2.5 times larger than for the 
bottom side. This can be assumed coming from the asymmetric layer setup with aluminium only on the 
Soldering Soldering + Bending (parallel) Soldering + Bending (perpendicular) 
  
Fig 4. Stress distribution in the silicon of a solar cell after soldering, and superposition of soldering and 4-point-bending (ML 2, top 
side of silicon); due to symmetry contour plots show a quarter of a solar cell with center at (0;0) 
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back side and the larger width of the back busbars. Overall, bending applies high tensile stresses on both 
sides with a larger amplitude on the bottom side. For this setup the maximum stress on the bottom side is 
about 5-7 % larger than for the top side. 
2.2. Mechanical reliability in module laminates 
The principal stress field is evaluated after soldering and superposition of soldering and 4-point-
bending. During this evaluation the probability of failure is calculated assuming the principle of 
independent action and the Weibull distribution function (see eqn. 1 and 2).  
From Fig 5 can be extracted that soldering induces relatively small stress leading to a low probability 
of failure compared to mechanical bending. Bending without superposition of the soldering stresses lead 
to slightly different stresses in the silicon and therefore almost similar results of the probability of failure 
(compare Fig 6). The reason can be found in the difference of the orientation of the cell with respect to 
the bending axis causing a slightly different bending characteristic. However, superposition shows that 
intrinsic stresses can strongly guide the magnitude of the probability of failure depending on the main 
load direction during bending (Fig 6). For a load case where the main load direction is equal to the long 
span of the busbars (parallel) the probability of failure is lower than vice versa (perpendicular). This 
qualitatively correlates well with the findings in [3]. For ML 2 there is a factor 1.9 between the two load 
cases regarding the probability of failure.  
2.3. Case study - Comparison of metallization layouts 
In Fig 6 it was found that the probability of failure for the perpendicular load case is larger than for the 
parallel load case. In general this behaviour can also be found for the other MLs (see Fig 7). However, the 
magnitude of the difference changes between the two load cases (Fig 8). Interestingly, the probability of 
failure for the parallel load case shows only minor sensitivity on the ML whereas for the perpendicular 
load case the sensitivity is rather large. It can be assumed that the particular stress state around the 
busbars will guide this behaviour. Generally stresses along the perimeter of the busbar are directed 
perpendicular to it. Because of the size effect (see [4]) stresses in the longitudinal direction should be 
more dominant than stresses along the width of busbar. This delivers the following explanations. If the 
main load direction is parallel to the busbars, also the bending stresses primarily are directed parallel to 
 
 
Fig 5. Maximum principal stress in silicon after soldering and 
superposition with 4-point-bending of the laminate (ML 2) 
Fig 6. Probability of failure after soldering and superposition 
with 4-point-bending (ML 2) 
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the busbars. Therefore a change in the type of busbar (pad, continuous) without changing the length 
should show only minor effect on the probability of failure. In contrast, if bending stresses primarily are 
directed perpendicular to the busbar they highly interact with the intrinsic stress in the longitudinal 
direction. Hence, this leads to a large sensitivity of the type of the busbar. 
3. Interpretations on module level 
In [1] and [3] a categorization of crack propagation directions was introduced. In [8] it was stated that 
cracks parallel to the busbar show the highest potential to electrically isolate a large portion of the cell. It 
was also found that the existence of those cracks strongly depends on the main load direction in the 
module. Fig 9 shows the stress state in each solar cell of a 60 cell module under distributed pressure load.  
Within the following paragraph an interpretation shall be given for a complete 60-cell module based 
on the information gathered within the prior analysis in chapter 2. 
busbars is in the longitudinal direction of the module. Cells at the frame along the long span of the 
module are mainly exposed to the perpendicular load case whereas cells along the short span are mainly 
exposed to the parallel load case. Cells in the centre of the module are exposed to a biaxial stress state. 
The cells in the corner are exposed to a diagonal load case. This load case will not be analyzed in this 
investigation. Using this information and the findings of the mechanical studies in chapter 2 the following 
derivations can be made (compare with  
Table 2 together with Fig 9).  
Cells along the long perimeter of the module should usually show cracks propagating parallel to the 
busbar with high probability of fracture. Cells positioned along the short span of the module should 
usually show cracks propagating perpendicular to the busbars with a low probability of fracture. One 
explanation can be made by means of the lateral aspect ratio of the busbars. Stresses from bending in the 
perpendicular load case mainly superpose intrinsic stresses from soldering in the longitudinal dimension 
of the busbar. Stresses from bending in the parallel load case mainly superpose intrinsic stress along the 
width of the busbars. Applying the size effect for brittle materials (see [4]) leads to the conclusion that the 
sensitivity on a change of the magnitude of the stress in the longitudinal dimension has to be larger than 
changes along the width of the busbars. 
  
Fig 7. Comparison of in-laminate probability of failure of a 
solar cell for different metallization layouts 
Fig 8. Comparison of the relative difference between the 
probability of failure for a the load case perpendicular vs. 
parallel 
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In the center of module basically any crack propagation may occur due to the biaxial load case. 
However, considering that the probability of failure for the perpendicular load case (leading to crack 
propagation parallel to the busbar) is larger than for the parallel load case (leading to crack propagation
perpendicular to the busbar), compare with Fig 6, one can conclude that a high percentage of cracks 
parallel to the busbars should occur.
These interpretations agree well with the findings in [3] and [8] and can deliver an explanation. In [8]
an evaluation of uniformly loaded modules was carried out according to the crack propagation direction.
The results qualitatively agree well with the interpretations concluded from this study. Therefore
consideration of intrinsic stresses in the silicon caused by temperature changes can explain a certain 
fracture characteristic of encapsulated solar cells.
Fig 9. Stress distribution in solar cells and main load direction in a solar module due to a 
distributed pressure load (2,400 Pa) [3], assignment of regions according to main load direction
Fig 10. Spatial statistics of the 
crack propagation direction in 
cells of a solar module after 
uniform loading (summarized
values for a quarter 
representation of a module) [7]
Table 2. Rating of the probability of occurrence for parallel or perpendicular crack propagation with respect to the busbars in a 
module
load case
(main load direction with
respect to busbars)
crack propagation direction with respect
to busbar
parallel perpendicular
perpendicular ++ - Likelihood of 
crack
propagation 
direction
parallel o ++
biaxial ++ +
diagonal - -
++ very high; + high; o medium; - low
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4. Conclusion 
Within this study finite- element- models of several metallization layouts were investigated. Cooling 
after soldering was simulated and the stress state in the silicon of the solar cell was calculated. 
Afterwards, the intrinsic stresses in the silicon were transferred into a mechanical model of a 4-point-
bending setup with a laminate consisting of string with 5 cells. The bending was set up for two quasi-
uniaxial load cases, a perpendicular and a parallel load case with respect to the busbars. Results show that 
sole interpretation of bending with neglecting the intrinsic stresses after soldering lead to incomplete 
interpretations of the fracture characteristic and fracture rate of encapsulated solar cells. Basically one 
with 
respect to the propagation direction of cracks. Superposing the stress state of soldering and bending 
shows that soldering and supposedly further temperature steps strongly guides the probability of failure 
and crack propagation according to the particular load case. Transferring this understanding to a biaxial 
load case, crack propagation parallel to the busbar is more likely than perpendicular, which qualitatively 
agrees with the findings in the literature. 
Comparing several metallization layouts shows a significant influence on the probability of failure for 
an encapsulated solar cell. Interestingly there is a load case dependent sensitivity of the probability of 
failure on those alterations. For a parallel load there is a minor influence on the metallization layout 
whereas for the perpendicular load this influence is significantly larger. 
Subsequent interpretations on complete modules qualitatively show a good agreement with the results 
from field and experimental studies. Therefore deeper analysis of stress states can be used for 
optimization of metallization layouts, interconnection layer structures, processing and material 
compositions but also module design and mounting design. 
Acknowledgements 
The authors gratefully acknowledge the financial support by the German Federal Ministry of 
project 
contract no. 13N11446. 
References 
[1] Koentges M, Kunze I, Kajari-Schroeder S, Breitenmoser X, Bjorneklett B. The risk of power loss in crystalline silicon based 
photovoltaic modules due to micro-cracks. J Solar Energy Materials & Solar Cells 2011;95:1131-1137. 
[2] Wohlgemuth JH, Cunningham DW, Placer NV, Kelly GJ, Nguyen AM. The effect of cells thickness on module reliability. 
In: IEEE PVSC 2008. 
[3] Sander M, Dietrich S, Pander M, Ebert M, Bagdahn J. Systematic investigation of cracks in encapsulated solar cells after 
mechanical loading. J Solar Energy Materials & Solar Cells 2013; 111: 82-89 
[4] Dietrich S, Sander M, Pander M, Ebert M. Interdependency of mechanical failure rate of encapsulated solar cells and module 
design parameters. In: SPIE Optics & Photonic 2012. 
[5] Gabor AM, Ralli M, Montminy S, Alegria L, Bordonaro C, Woods J, FeltonL. Soldering induced damage to thin solar cells 
and detection of cracked cells in modules. In: 26th EU-PVSEC 2006 
 [6] Dietrich S, Pander M, Sander S, Ebert M. Mechanical and Thermo-Mechanical Assessment of Encapsulated Solar Cells by 
Finite-Element-Simulation. In: SPIE Optics & Photonics 2010 
 Sascha Dietrich et al. /  Energy Procedia  38 ( 2013 )  488 – 497 497
[7] Koentges M, Kajari-Schroeder S, Kunze I, Jahn U. Crack statistics of crystalline silicon photovoltaics modules. In: 26th EU-
PVSEC 2011 
[8] Kajari-Schroeder S, Kunze I, Eitner U, Koentges M. Spatial and directional distribution of cracks in silicon PV modules after 
uniform mechancial loads. In: 37th IEEE PVSC 2011 
